ABSTRACT The consequences of dietary excesses of 10 essential amino acids, His, Ile, Phe, Trp, Val, Arg, Leu, Lys, Met, Thr, on growth, feed intake and plasma levels of triiodothyronine (T 3 ) and thyroxine (T 4 ) in growing chicks were investigated. Each amino acid was added to a starter ration to bring it to a level 2.84× above the National Research Council (1984) requirement. Excesses of all amino acids except His and Leu caused significant reductions in weight gain. Of the amino acid excesses that reduced growth, only Trp and Val did not also reduce feed intake. Gain:feed decreased significantly only in chicks consuming excess Arg, Lys, Phe, and Trp. Chicks fed excesses of Ile and Val had plasma T 3 levels that were statistically higher than control levels; none of the other amino acid excesses significantly altered blood concentrations of this hormone. Compared to the control, plasma T 4 levels were not significantly altered by the amino acid excesses, but there was a significant difference between Trp and Val, the latter being lower. This study shows that high dietary levels of essential amino acids cause depressions in weight gain and feed intake, and, with Ile and Val, these depressions are accompanied by elevations in plasma T 3 levels. Otherwise, the amino acid excesses had little effect on plasma levels of thyroid hormones.
INTRODUCTION
Dietary deficiencies of individual essential amino acids cause decreases in weight gain, feed intake, and energy retention in growing chicks (Ousterhout, 1960; Kino and Okumura, 1986) . Less is known about the effects of high dietary levels of essential amino acids on chick performance, although such excesses are known to affect growth and behavior, and to increase mortality (Snetsinger and Scott, 1961; Griminger and Fisher, 1968; Edmonds and Baker 1987; Han and Baker, 1993) .
The thyroid gland and its hormones comprise an endocrine system in birds and mammals that has important regulatory effects on growth, energy utilization, and other physiological responses. Although the effects of dietary deficiencies of single essential amino acids on thyroid function have been studied in chicks (Pastro et al., 1969; May, 1979; Elkin et al., 1980; Carew et al., 1983 Carew et al., , 1997 , nothing is known about the effects of amino acid excesses.
Because of increasing interest in adding relatively pure, single amino acids to poultry diets, knowledge of the metabolic effects of excesses that may occur with this practice is important. Monitoring changes in the endocrine system, in particular plasma thyroid hormone levels, may provide insight into such metabolic changes. The present experiments were done to evaluate growth, feed intake, and thyroid responses to diets containing excessive amounts of 10 essential amino acids (His, Ile, Phe, Trp, Val, Arg, Leu, Lys, Met, Thr) .
MATERIALS AND METHODS
The experimental protocol was approved by the University of Vermont Institutional Animal Care and Use Committee.
Animals
These studies included two experiments with similar experimental designs. In each experiment, 175 day-old male broiler chicks 3 were housed in electrically heated, battery brooders with raised wire floors. They were exposed to a 16:8 light:dark cycle and had free access to feed and water. 
Experimental Design and Diets
From 1 to 9 d of age, all chicks were fed a nutritionally complete broiler starter diet (Table 1) . On Day 10, the midrange of chicks was distributed into 18 pens of eight chicks each. From Days 10 to 24, triplicate pens of chicks were fed one of the following diets: broiler starter (Table 1) alone or a diet with 1 of the 10 essential amino acids added at a level 284% above the NRC requirement (1984) . The final levels of the essential amino acids in each diet were as follows (as a percentage of diet): His, 1.34; Ile, 3.07; Phe, 2.76; Trp, 0.88; Val, 3.15 (Experiment 1); or Arg, 5.53; Leu, 5.18; Lys, 4.61; Met, 1.92; Thr, 3.07 (Experiment 2). With the added amino acids, each diet contained a total of 3.84× the NRC requirement. All test diets were diluted to the same extent as the amino acid added in the largest amount by adding glucose to the diets to equal that concentration. Although a wide range of excessive levels of amino acids has been used by others in the research referred to above, we chose to relate the excesses to the required amounts needed in the diets as a more reasonable relationship between dietary need and possible toxicity rather than feeding all amino acids at fixed excesses as some have done, and also to avoid harsh effects on growth that have previously been reported with higher levels.
After 2 wk (24 d of age) on experiment, body weights were taken and blood was drawn by side heart puncture from each chick, placed into heparinized tubes, centrifuged at 1,800 × g and the plasma frozen for later analysis.
Hormone Assays
Plasma total T 3 4 and T 4 5 levels were analyzed by radioimmunoassay validated for avian blood. Intra-and interassay coefficients of variation were 6.3 and 5.2% for T 3 and 10.4 and 2.9% for T 4 , respectively, in the two experiments.
Statistical Analysis
Data were analyzed by ANOVA with P ≤ 0.05 considered significant. Means were compared using Duncan's multiple range test (Duncan, 1955) .
RESULTS

Feed Intake, Weight Gain, and Gain:Feed Ratio
In Experiment 1 (Table 2 ) chicks fed excessive levels of four of the five amino acids (Ile, Phe, Trp, and Val) grew at a significantly slower rate than the control, whereas Phe caused the greatest growth depression. Only His had no effect on growth. However, only with Ile and Phe were the growth depressions accompanied by significant reductions in feed intake compared to the control. Neither His, Trp, nor Val excesses significantly affected feed intake. Compared to the control, gain:feed was depressed only with Phe and Trp.
In Experiment 2 (Table 2) , chicks fed excessive levels of four of the five amino acids (Arg, Lys, Met, and Thr) also had significantly poorer growth rates than the control. Leucine excess had no effect. Both Lys and Met excesses produced the slowest growth rates, which were significantly more depressed than the reductions caused by Arg and Thr. However, unlike results in Experiment 1, all growth depressions were accompanied by reductions in feed intake relative to the control, with Arg and Met excesses producing significant differences from each other. Chicks fed Met excess had the lowest feed intakes. Only Arg and Lys excesses caused significantly poorer gain:feed ratios compared to the control.
Thyroid Hormones
Chicks fed excesses of Ile and Val had significantly higher plasma T 3 values (25 and 19%, respectively) compared to the control in Experiment 1 (Table 2 ). All other plasma T 3 levels in both experiments (Table 2) were not significantly different. Plasma T 4 levels ( Table 2) were not significantly different from the control in either experiment. There was, however, a significant difference in this value between Trp and Val, the latter being the lower one.
DISCUSSION
Many amino acids, when fed in excess to growing chickens, cause toxic effects such as depressions in growth, decreases in feed intake and increased mortality (Snetsinger and Scott, 1961; Dean and Scott, 1968; Edmonds and Baker, 1987; Han and Baker, 1993) . In the present study, chicks consuming diets with excess Ile, Phe, Trp, or Val (Experiment 1) and excess Arg, Lys, Met, or Thr (Experiment 2), grew at a slower rate than controls. Only His and Leu excesses had no effect on growth. These depressions in growth were not always accompanied by reductions in feed intake. The decreased growth with Trp or Val did not have a parallel reduction in feed intake, but such a reduction in feed intake did occur with Ile and Phe (Experiment 1) and Arg, Lys, Met, and Thr (Experiment 2). Thus, it cannot be stated as an absolute rule that growth depressions in chicks fed high levels of essential amino acids will be accompanied by reductions in feed intake. This result suggests that the mechanism of the growth depression is not a single mechanism related to decreases in feed intake but is also due to other causes that vary with the amino acid in question. Certain of these situations are well known, such as the antagonism between Lys and Arg. Excess Lys in the diet causes an increase in the Arg requirement (O'Dell and Savage, 1966) , and chicks receiving excess Lys may exhibit signs of an Arg deficiency because Arg alleviates Lys toxicity (Dean and Scott, 1968) .
In the present study, excess Lys caused the most severe reduction in both weight gain (-25%) and gain: feed ratio (-14%) and the second most severe reduction in feed intake (-13%; the worst was Met at -18%) compared to the control. Lysine has been reported to be among the more toxic of the amino acids (Snetsinger and Scott, 1961; Okumura and Yamaguchi, 1980; Edmonds and Baker, 1987) , and our results agree with those reports.
Excess Met (1.92% dietary total) produced the most severe depression in feed intake (-18%) along with a severe reduction in growth (-21%) but was accompanied by no significant change in gain:feed ratio. This result agrees with those of Han and Baker (1993) , who observed that between 1 and 2% added Met depresses both feed intake and weight gain, and closely agrees with Edmonds and Baker (1987) , who reported that Met was the most toxic of all amino acids excesses when fed at the 4% level. Okumura and Yamaguchi (1980) also showed that 3% excess Met is the most toxic of all amino acids, but they used a protein-deficient diet (10% protein) in their studies and, therefore, these results are not equivalent to those of the present studies.
Excess dietary Leu has been reported to increase the need for Ile and Val and to result in growth retardation unless these two amino acids are supplemented along with Leu (Chi, 1984) . However, in our study, excess Leu caused no changes in growth or feed intake, which agrees with the report by Edmonds and Baker (1987) .
In the present study, excess Thr significantly reduced feed intake and growth rate, but not as severely as Lys and Met. Edmonds and Baker (1987) reported excess Thr to be somewhat more toxic than we did, and found that it reduced weight gain by 29%, whereas we observed only a 10% reduction. However, they used a slightly higher level than we did (4.0 vs 3.07%).
According to our method of studying amino acid excesses at 2.84× above the NRC requirement, the excesses produced the following significant reductions in growth (in percentage): Lys, 25; Met, 21; Thr, 10; Phe, 9; Ile, 8; Trp, 5; Val, 5 . Excesses of His and Leu had no effect. Our observations that Leu and Val excesses had little or no effect on growth, and that Lys and Met had major effects, agree with the comprehensive study by Edmonds and Baker (1987) . Regarding feed intake, the significant reductions were as follows (in percentage): Met, 18; Lys, 13; Thr, 12; Arg, 10; Ile, 6; Phe, 6. Excesses of His, Leu, Trp, and Val had no such effect.
Concerning plasma thyroid hormone levels, excesses of Ile and Val caused significant elevations in plasma T 3 ; the other amino acids had no effect. This result shows that amino acid excesses have differential effects on thyroid hormones, and may explain, in part, the depressive effects of these two amino acids on growth, as an elevation in T 3 is often accompanied by increased heat expenditure. However, heat production was not measured, and the other amino acid excesses depressed growth without affecting circulating T 3 levels. Furthermore, Ile but not Val excess also depressed feed intake. Therefore, changes in blood T 3 levels were not related to changes in feed intake.
Plasma T 4 levels were generally resistant to change, and the only significant difference observed was between chicks fed excesses of Trp and Val, the meaning of which is obscure. However, although the lower level of T 4 compared to control with the Val excess was not significantly different, this effect may represent reduced conversion of T 4 into the elevated plasma T 3 . Nevertheless, there is no suggestion of such a shift in the case of Ile.
Dietary deficiencies of individual essential amino acids can have marked effects on circulating levels of thyroid hormones (May, 1979; Elkin et al., 1980; Carew et al., 1983 Carew et al., , 1997 . The present data suggest that dietary excesses of essential amino acids also affect this endocrine system, but this effect is limited to two of the amino acids, namely Ile and Val.
